Protodolomite was synthesized from sea water containing dioxane by adding 0.4M Na2CO3 solution at 40°C. The presence of dioxane in moderate concentrations (3 to 8vol%) in a parent solution favors the formation of CaCO3 (calcite)-MgCO3 solid solution. Optimal condition for protodolomite synthesis was established. The mineral synthesized from sea water containing dioxane was very superior in size and crystallinity as compared to that from highly saline but dioxane-free solutions.
with low dielectric constant, to sea water. The 1969; Gaines, 1974) .
Syntheses of magnesian present study describes the synthesis of proto calcite and protodolomite from aqueous solu dolomite from dioxane containing sea water. tions at low temperatures and pressures have also been attempted by Kitano and Kanamori (1966) , Glover and Sippel (1967) , Liebermann EXPERIENTAL PROCEDURES (1967) , Oomori (1974) , Ohde and Kitano Protodolomite was synthesized in sea (1978), Kitano et al. (1979) , and Oomori et al. water with varying Mg"/Ca" ratios by adding (1983) , but the synthesis of protodolomite dioxane and 0.4M Na2CO3 solution at 40°C. from sea water under normal conditions has Different starting solutions were prepared been unsuccessful.
as follows: Oomori et al. (1983) reported that proto Solution-A (normal sea water); Sea water dolomite was formed at low temperatures from from a coral reef area in Okinawa was used after hypersaline waters with fairly high carbonate filtration through Toyo filter paper (No. 5C). alkalinity.
The dielectric constant of such The analysis of the sea water gave chlorinity of saline waters was around 50 to 60 (Hasted et al., 18.8%0, Ca" of 9.Ommol/l, Mg" of 44.2mmol/l 1948) . Lipmann (1973) suggested that the and Mg"/Ca" molar ratio of 4.9. incorporation of magnesium into the calcium Solution-B (a series of sea waters with carbonate lattice is kinetically limited to rather modified Mg"/Ca" ratio): The Mg"/Ca" ratio low Mg contents owing to the preferential of sea water was varied by removing Ca" as (*) Present adress: Faculty of Human Sciences, Sugiyama Jogakuen University, Nisshin-cho, A ichigun, Aichi prefecture 470-01, Japan. 59 calcium carbonate by dropwise addition of 0.4M Na2CO3 solution to sea water (solution-A). The concentration of remaining Ca" ions ranged from 1.5 to 7.3 mmol/l. The change in Cl and Mg 2+ concentrations was less than 2% of the initial values despite the addition of Na2CO3 solution. The Mg"/Ca"' molar ratio in resulting solutions ranged from 6.1 to 29. Solution-C (same as solution-B, but more diluted): Distilled water and 5 mM CaCl2 solu tion were added to normal sea water (solution A) to give a series of solutions ranging from 1.8 to 10.3%o in chlorinity and from 4.1 to 24 mmol/1 in Mg" concentration. The Ca" concen tration was fixed at 5 mmol/l. The Mg"/Ca" molar ratios of these solutions were between 0.86 and 4.8. The obtained precipitates were examined by X-ray diffractometry, and analyzed for calcium and magnesium by EDTA titration. the added Na2CO3 concentration corresponds to 40mmol/l.
The initial Mg2+ concentration was fixed at 4.9 mmol/l for all the runs.
As shown in Fig. 1 With increasing dioxane concentration from 3 to 12vol%, the precipitates showed sharpening of X-ray diffraction peak with simultaneous increase in (104) spacing of calcite type carbo nate from 2.92 to 3.01 A, which corresponded to decrease in the MgCO3 content of precipitates from 67 to 16mol%.
Mineralogically pure protodolomite containing 43mo1% of MgCO3 was easily synthesized from a solution contain ing 5 vol % of dioxane. Protodolomite, similar to the synthesized one, is sometimes found in Minami-daitojima Island, Okinawa (Oomori and Kitano, unpublished) .
The obtained protodolomite was spherical in shape under the optical microscope. This may have been formed as aggregates of needle like crystals. The spherules, ranging from 10 to 100µm in diameter, were larger than those formed from brine waters which were about 1µm in diameter (Oomori et al., 1983) . Also, the X-ray diffraction pattern showed that the protodolomite synthesized in the present experiment is well crystallized.
Dioxane is completely miscible with water. The outstanding change in the properties of solution containing dioxane is the decrease in dielectric constant and the modification of hydration states of dissolved chemical species (Kawaizumi and Miyahara, 1970; Ishiguro and Ohtaki, 1984) owing to the breaking of hy drogen bonding structure of water solution (Arakawa and Takenaka, 1969; Frank and Wen, 1957) . This solvent forms no stable complexes with calcium and magnesium ions. The dielec tric constant of water greatly controls the water activity and the solubilities of minerals (Robinson and Stokes, 1959) .
The dielectric constant of saline solution decreases with the increases in salt concentration and temperature (Hasted et al., 1948) . Oomori et al. (1983) previously showed that photo dolomites were formed at 35°C from brines several times higher in concentration than normal sea water. The dielectric constant of such brines ranges from 50 to 60 (Hasted et al., 1948) . In the present study, varying amounts of dioxane (dielectric constant e = 2.18 at 40°C) were added to sea water (e = 67 at 40°C) to adjust e at 50 to 60. The sea waters containing 5 and 10vol% of dioxane have e of 64.6 and 57.5, respectively. As stated earlier, pure protodolomite was obtained from sea water containing 5 vol% of dioxane. Lippmann (1973) suggested that strong hydration of Mg" ions kinetically prevents the formation of magnesite from aqueous solution at low temperature.
The present study showed that increasing dioxane concentration suppresses the formation of lansfordite and enhances that of CaCO3-MgCO3 solid solutions.
The MgCO3 content of the solid solutions decreases with increasing dioxane concentration.
These results support Lippmann's suggestion. Decrease in dielectric constant, change in mineral solubility, modification of hydrogen bonding structure and change in hydration state of ions through addition of dioxane seem to be effective for protodolomite formation.
The role of dioxane in the protodolomite formation, however, remains unsolved.
Effect of Mg"/Ca" ratio in a parent solution containing dioxane on pro todo lo mite formation
The Mg"/Ca" ratio in solution is known to be one of the most important factors controlling formation and stability of Mg-bearing CaCO3. The Mg content of carbonates is also affected by Mg"/Ca" ratio in a parent solution.
Carbonates were synthesized from solutions containing 5 vol% of dioxane with Mg"/Ca" molar ratio ranging from 4.9 to 29 by adding 10ml of 0.4M Na2CO3 solution to 90ml of the parent solution (85 ml of solution A or B + 5 ml of dioxane).
The formed precipitates were filtered off after 2 weeks.
Protodolomite and lansfordite were obtained in these runs (see Fig. 2 in which a part of the above experimental results are shown.). The effect of Mg2+/Ca2+ ratio in a parent solution on the mineralogical composition of precipitates is remarkable.
Pure protodolomite was formed when initial Mg2+/Ca2+ molar ratio in the solu-. tion was in the range from 4.9 to 6.1. Proto dolomite with small amounts of lansfordite was formed from the solutions with the initial Mg"/ Ca" ratio of 8.3 to 17. When the initial ratio was beyond this range, only lansfordite is re cognized by X-ray diffraction.
Broadening of X-ray diffraction peaks of protodolomite was observed with increasing
Mg"/Ca" ratio in solution. It should be noted that the solution A containing 5 vol% dioxane prepared and having Mg"/Ca" ratio of 4.9, gave the protodolomite of a very high crystalinity (Fig. 2) . The final pH of these solutions ranged from 8.68 to 8.89. ( Graf et al., 1960; Hanshaw et al., 1971; Folk and Land, 1975) . So, we attempted proto dolomite syntheses from low salinity solutions, which were prepared from solution C by adding dioxane up to 5 vol%.
Protodolomite was formed from the solutions with Mg"/Ca" molar ratio down to 4.1. The chlorinity of these solu tions was between 7.8 and 9.3%o. It can be said that protodolomite formation is possible from low salinity solutions in the presence of dioxane. With lowering Mg"/Ca" molar ratio down to 0.86, only aragonite was precipitated.
Optimal synthetic condition with respect to the amount of Na2CO3
The effect of the amount of Na2CO3 added to a parent solution on the mineralogical compo sition of precipitates was examined by adding 2 to 12 ml of OA M Na2CO3 solution into the parent solution (75 ml of sea water (solution-A) + 5 ml of dioxane + 18-8 ml of H2O). The X-ray diffraction patterns of the precipitates are shown in Fig. 3 . The obtained minerals were aragonite, protodolomite, amorphous carbonate, lansfordite and monohydro-calcite.
When 2m1 of 0.4M Na2CO3 solution was added, aragonite and protodolomite precipitated. From sea water without dioxane, only aragonite was precipitated under similar experimental conditions.
With further increase in Na2CO3 added, aragonite disappeared and protodolomite appeared instead.
Excess Na2CO3 (addition of 8m1 of 0.4M Na2CO3 solution) resulted in the mineral formation of low crystalinity, as revealed by broadening of X-ray diffraction peaks. The addition of moderate amounts of Na2CO3 seems to favor protodolomite formation. Excess Na2CO3 is unfavorable to the formation of CaCO3-MgCO3 solid solution.
In this case, lansfordite and monohydrocalcite were formed.
In summary, mineralogical composition and Mg content of calcitic carbonates were con trolled by the initial Mg"/Ca" molar ratio and the added amounts of Na2CO3 and dioxane in a parent solution. Conditions of the parent saline solution suitable for protodolomite formation are as follows; Mgt+/Ca2+ molar ratio; 4 to 15 dioxane concentration; 3 to 8% by volume amount of 0.4M Na2CO3 added; 2 to 12 m1/ 100 ml at 40'C.
Protodolomite, mineralogically pure and of high crystallinity, can be prepared from solution with Mg2+/Ca2+ = 4.9 when dioxane was added up to 5 vol%.
